Abstract When the four-week-old woody stem of Prunus jamasakura was grown under simulated microgravity condition on a three-dimensional clinostat, it bent at growth, and width of its secondary xylem decreased due to the reduction of fiber cell numbers and a smaller microfibril angle in the secondary cell wall, as reported in our previous paper. Gravity induces the development of the secondary xylem that supports the stem upward against the action of gravity. In this study, morphological changes of the tissues and cells were microscopically observed. Disorder was found in the concentric structure of tissues that organize the stem. The radial arrangement of the cells was also disturbed in the secondary xylem, and in the secondary phloem secondary cell walls of the bast fiber cells were undeveloped. These findings suggest that differentiation and development of the secondary xylem and the bast fiber cells are strongly controlled by terrestrial gravity. These tissue and cells functions to support the stem under the action of gravity. Furthermore, clinorotation induced disorder in the straight joint of vessel elements and the lattice-like structure of radial parenchyma cells, which is responsible for water transportation and storage, respectively. Gravity is an essential factor for keeping the division and differentiation normal in woody stem.
Introduction
When the woody stem of Prunus jamasakura was incubated for four weeks under simulated microgravity condition on a three-dimensional (3D) clinostat , the stem bent during the elongation, and secondary xylem formation was decreased due to the reduction of its fiber cell numbers and a smaller microfibril angle in its secondary cell wall (Nakamura et al. 1999) . The changes in the secondary xylem at the gravitational stimulus is similar to that in the induction of tension wood by inclining stimulus in gibberellin applied to the pendulous stem of Prunus spachiana (Nakamura et al. 1994) .
Moreover, the sedimentable amyloplasts in the woody stem of Prunus jamasakura grown on earth were found to sediment at the distal end of the endodermal starch sheath cells. Dispersion of amyloplasts was observed in similar endodermal cells of the stem, when it was grown on 3D-clinostat (Nakamura et al. 2001) .
Thus, it was concluded that the growth direction and the formation of secondary xylem, acting as supporting tissue, in the woody stem may be under the controll of gravitational stimulus, sensed by the sedimentable amyloplasts, as seen in the herbaceous plants.
In order to study the control mechanism of the woody stem growth by gravity farther in detail, morphology of the tissues and cells in stems were microscopically observed and compared between 3D-clinostated specimen and ground control in the present work.
Materials and methods
Seedlings of Japanese cherry, Prunus jamasakura Siebold ex Koidz., were grown on a 3-D clinostat for four weeks, and compared to the ground control as described in Nakamura et al. (1999) (Fig. 1) . The elongated internodes, in which the interfascicular cambium was completed, were used for microscopic observation of the tissues and cells by light microscopy (LM) (Baba et al. 1995) , confocal laser scanning microscopy (CLSM) (Funada et al. 1997) and field emission scanning electron microscopy (FE-SEM) (Prodhan et al. 1995) . The longitudinal section of a stem of the ground control, based upon the transmitted light image of CLSM, is illustrated in Fig. 2 , as a reference for the identification of the tissues and cells in FE-SEM micrographs. Maceration of secondary tissue was carried out using the method of Kitin et al. (1999) in order to observe the length between both perforations in a vessel element. Seedlings grown on earth and in a 3-D clinostat are referred to as controls and clinorotated.
Results and discussion
The tissue arrangements in the cross sections of the control and the clinorotated seedlings are shown in Fig.  3 . In the control (Fig. 3A) , tissues such as the epidermis (ep), cortex (cor), secondary phloem (sp), cambium (ca) and secondary xylem (sx) formed ring-like structures that were arranged concentrically. On the other hand, in the clinorotated (Fig. 3B) , ring-like structures, the concentric arrangement, fell into disorder. Moreover, the conspicuous decrease in the width of xylem, reported in a previous paper (Nakamura et al. 1999) , was confirmed as well. In the epidermis and cortex, partial swelling was observed.
The cross sections of the bast fiber cells in the secondary phloem ( Fig. 2) are shown in Fig. 4 . In the control (Fig.  4A ), well-developed secondary cell walls were observed, and in some cells, S 1 , S 2 and G layers were recognized (Nanko et al. 1979 ). In the clinorotated (Fig. 4B ), the secondary cell wall was thinner than that of the control, and the lumen was larger than that of the control.
The cell arrangement of the secondary xylem in the cross sections is shown in Fig. 5 . In the control (Fig. 5A) , the rectangular fiber cells of the thicker secondary cell wall and the round vessel element were observed. These cells were arranged in a radial direction. In the clinorotated (Fig.  5B) , their radial arrangement fell into disorder, and the fiber cell density (the increased vessel element of pits and spiral thickening) tended to decrease, as reported previously (Nakamura et al. 1999) .
These morphological changes in the cells and the tissues (Fig. 3B, 4B and 5B) may relate to the stem bending under the simulated microgravity condition.
In the longitudinal section of the secondary xylem of the control, the vessels consisted of straight connecting vessel elements (Fig. 6A) . In that of the clinorotated, such straight connection fell into disorder, and their complicated connections were observed (Fig. 6B ). In the macerated vessel elements, the diameter and the full length were similar in the control and the clinorotated, whereas the distance between two perforations of each vessel element in the clinorotated was shorter compared with that in the control (Fig. 7) . This morphological change in the terminal parts of the vessel element of the clinorotated may relate to the disturbed structure of the vessels (Fig 6B) .
In the longitudinal sections of the secondary xylem, axial parenchyma strand cells were also observed (Fig. 8) . In the control, the shape of each parenchyma cell with pits was rectangular (Fig. 8A) , and the cells made a lattice-like structure. On the other hand, in the clinorotated (Fig. 8B) , such structure in axial parenchyma strand cells were not observed, and the lattice-like structure was disordered.
The disorders of the straight connection of the vessel elements and of the lattice-like structure of the parenchyma cells in the control (Fig. 6A and 8A ) suggest that the cell division and differentiation of transport and storage cells may also be affected by gravity.
In the present study, we observed the morphological changes in the cells and the tissues that support the stems at exposing to simulated microgravity. It was confirmed that the secondary tissue formation in woody plants may be firmly related to the stimulus of terrestrial gravity.
Several studies on the gravi-regulation of morphonegenesis in the herbaceous plants have been carried out in space. For example, "automorphosis" (Hoson et al. 1997 (Hoson et al. , 2000 and "negative control" (Takahashi et al. 2000) have been studied in space. On the other hand, only one space experiment was carried out on woody plants, using pine seedlings. The lignin content in pine seedlings was reduced in space (Cowles et al. 1984) . Since lignin, as well as cellulose and hemicellulose, is an important secondary cell wall component, their results are consistent 
